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LOW-POWER DIFFERENTIAL AMPLIFIER
WITH IMPROVED UNITY GAIN

FREQUENCY

TECHNICAL FIELD

This application relates to differential amplifiers, and
more particularly to a low-power fully-differential amplifier
with an improved unity gain {frequency.

BACKGROUND

Many differential amplifiers have two stages and thus
have two poles 1n their frequency response. The second pole
for a two-stage diflerential amplifier lowers the unity gain
frequency and thus degrades the bandwidth and phase
margin for the amplifier. But a relatively large phase margin
in 1important to allow the amplifier to respond quickly to any
transient disturbances. A stable two-stage diflerential ampli-
fier design thus forces the second pole frequency as high as
possible to increase the unity gain frequency and operating,
stability. But the increased phase margin then comes at the
cost of 1increased power consumption.

The contlict between providing an increased unity gain
frequency and reducing power consumption may be better
appreciated through a consideration of a conventional two-
stage ditferential amplifier 100 shown 1n FIG. 1. A first stage
includes a p-type metal oxide semiconductor (PMOS) tran-
sistor P1 having a drain connected to the drain of an n-type
metal oxide semiconductor (NMOS) transistor M1. Simi-
larly, the first stage includes a PMOS transistor P2 having a
drain connected to the drain of an NMOS transistor M2. A
differential mput signal formed by the difference between a
positive mput signal inp and a negative iput signal 1nn
drives the first stage. In particular, positive mput signal 1np
drives the gates of transistors P2 and M2 whereas negative
input signal inn drives the gates of transistors P1 and M1. A
PMOS transistor P3S having 1its gate driven by a {first bias
signal pbias connects between the sources of transistors P1
and P2 and a power supply rail supplying a power supply
voltage VDD. To complete the first stage, an NMOS tran-
sistor M5 having its gate driven by a second bias signal nbias
connects between the sources of transistors M1 and M2 and
ground.

A second stage for two-stage differential amplifier 100
includes a PMOS transistor P3 having a source connected to
the power supply rail and a drain connected to a drain of an
NMOS transistor M3 having 1ts source tied to ground. The
drains of transistors M1 and P1 1n the first stage act as an
input node for the second stage and are thus tied to the gates
of transistors P3 and M3. A capacitor C and a resistor R are
connected 1n series between this input node and the drains of
transistors P3 and M3 for compensation. Similarly, the
second stage also includes a PMOS transistor P4 1n series
with an NMOS transistor M4 that respond to the drains of
first stage transistors P2 and M2. Another capacitor C 1n
series with a resistor R compensates the response of tran-
sistors P4 and M4. The drains of transistors P4 and M4 form
a positive output node whereas the drains of transistors P3
and M3 form a negative output node.

The resulting two-stage operation 1s quite advantageous
since each stage includes complementary pairs of PMOS
and NMOS transistors and thus has a double transconduc-
tance boost 1n gain as compared to single transistor (Class A
amplifier) architectures. In addition, the pole from the sec-
ond stage has 1ts frequency boosted by the increase 1n gain
for the second stage, which increases the umty gain fre-
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2

quency (1ncreased phase margin) and stability for two-stage
differential amplifier 100. But note that the current consump-
tion for the second stage i1s not controlled by any bias
transistors such as transistors P5 and M5. Two-stage difler-
ential amplifier 100 will thus have relatively high power
consumption that 1s also subject to process variations.

Another conventional two-stage differential amplifier 200
1s shown 1n FIG. 2. The first stage 1s as discussed with regard
to two-stage differential amplifier 100. But the second stage
differs 1n that the source of transistor P3 couples through a
PMOS ftransistor P6 to the power supply rail. Similarly, the
source ol transistor P4 couples to the power supply rail
through a PMOS transistor P7. A bias signal pbias2 drives
the gates of transistors P6 and P7 to control the amount of
current used by the second stage. Two-stage differential
amplifier 200 thus consumes less power than two-stage
differential amplifier 100 and 1s less subject to process
variations. But this increase in power efliciency comes at the
cost of the degeneration 1n transconductance for transistors
P3 and P4 by the resistance presented by transistors P6 and
P7, respectively. This second pole frequency for two-stage
differential amplifier 200 1s thus reduced compared to two-
stage differential amplifier 100. This reduction 1 second
pole frequency reduces the unity gain frequency and thus
reduces the stability and phase margin.

There 1s thus a need in the art for a two-stage differential

amplifier with low power consumption and a relatively high
unity gain frequency.

SUMMARY

A two-stage fully-differential amplifier 1s provided in
which each stage 1s a double transconductance stage. A first
stage for the two-stage fully-differential amplifier thus
includes two pairs of transistors. Similarly, a second stage
for the two-stage fully-differential amplifier also includes
two pairs of transistors. To provide low power consumption
without degenerating the transconductance for the second
stage, the second stage 1s powered by an internal power
supply rail. A bias transistor controls the amount of current
supplied to the mternal power supply rail and thus controls
the current consumption by the second stage. But this bias
transistor does not degenerate the transconductance gain for
the second stage because the internal power supply rail
functions as an AC ground to the two pairs of transistors 1n
the second stage. The resulting two-stage fully-differential
amplifier thus has low power consumption yet still achueves
a relatively large unity gain frequency.

These and other advantageous features may be better
appreciated through the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a circuit diagram of a conventional two-stage
differential amplifier having a relatively large unity gain
frequency at the cost of increased power consumption.

FIG. 2 1s a circuit diagram of a conventional two-stage
differential amplifier having reduced power consumption at
the cost of a reduced unity gain frequency.

FIG. 3 1s a circuit diagram of a two-stage diflerential
amplifier that 1s both low power while still having a rela-
tively large unity gain frequency in accordance with an
aspect of the disclosure.

FIG. 4 1s flowchart for a method of operation for a
two-stage diflerential amplifier 1n accordance with an aspect
of the disclosure.
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Implementations of the present disclosure and their
advantages are best understood by referring to the detailed

description that follows. It should be appreciated that like
reference numerals are used to i1dentily like elements illus-
trated 1n one or more of the figures.

DETAILED DESCRIPTION

A two-stage differential amplifier 1s provided that 1s low
power vet has a relatively large unity gain frequency. To
reduce the power consumption the second stage 1s powered
by an internal power supply rail. A bias transistor controls
the amount of current supplying the internal power supply
rail to control the power (current) consumption of the second
stage. Each stage 1n the two-stage diflerential amplifier 1s a
double transconductance stage using two transistors. Since
cach stage 1s fully differential, each stage includes two pairs
of transistors to supply the double transconductance boost 1n
gain.

The two pairs of transistors i the second stage are
powered by the internal power rail. The bias transistor
controls the total current consumed by the second stage.
With respect to this total current, one of the transistor pairs
in the second stage will conduct more than the other depend-
ing upon the binary state of a differential input signal driving
the first stage. As one transistor pair conducts more, the
remaining transistor pair conducts less. But the total current
consumed remains the same such that the internal power
supply rail functions as an alternating current (AC) ground
to the two pairs of transistors in the second stage. The bias
transistor thus does not degenerate the transconductance of
a PMOS ftransistor in each of the transistor pairs in the
second stage such that the unmity gain frequency for the
resulting two-stage diflerential amplifier 1s relatively robust
despite 1ts low power operation.

An example two-stage diflerential amplifier 300 1s shown
in FIG. 3. Analogous to two-stage diflerential amplifiers 100
and 200, both the first stage and the second stage in
two-stage ditferential amplifier 300 each includes two pairs
of transistors. The gain from each stage 1s thus a double
transconductance gain. In particular, a first stage 1n two-
stage differential amplifier 300 includes a first pair 305 of
transistors and a second pair 310 of transistors. Similarly, a
second stage 1n two-stage differential amplifier 300 includes
a first pair 320 of transistors and a second pair 315 of
transistors. In the first stage, first pair 305 of transistors 1s
tformed by a PMOS transistor P2 having a drain connected
to the drain of an NMOS transistor M2. Similarly, the first
stage’s second pair of transistors 310 1s formed by a PMOS
transistor P1 having a drain connected to the drain of an
NMOS transistor M1. A differential input signal formed by
the difference between a positive mput signal mp and a
negative input signal 1inn drives the first stage. In particular,
positive mput signal inp drives the gates of transistors P2
and M2 1n first pair 305 whereas negative mput signal 1nn
drives the gates of transistors P1 and M1 1n second pair 310.
A PMOS ftransistor P5 having its gate driven by a first bias
signal pbias connects between the sources of transistors P1
and P2 and a first power supply rail supplying a first power
supply voltage (Supplyl). To complete the first stage, an
NMOS transistor M5 having 1ts gate driven by a second bias
signal nbias connects between the sources of transistors M1
and M2 and ground. The drains of transistors P2 and M2
form a first stage positive output node A for driving the first
pair 320 of transistors in the second stage. Similarly, the
drains of transistors P1 and M1 form a first stage negative

output node B for driving the second pair 315 of transistors
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4

in the second stage. The first stage thus drives a {first stage
differential output signal across the first stage output nodes
A and B to the second stage responsive to the differential
input signal.

The second pair of transistors 3135 for the second stage in
two-stage differential amplifier 300 1s formed by a PMOS
transistor P3 having a source connected to an internal power
supply rail C and a drain connected to a drain of an NMOS
transistor M3 having its source tied to ground. First stage
negative output node B 1s tied to the gates of transistors P3
and M3. A capacitor Cc and a resistor R are connected 1n
series between the first stage negative output node B and the
drains of transistors P3 and M3 for compensation. Similarly,
the first pair of transistors 320 in the second stage 1s formed
by a PMOS transistor P4 having a source tied to the internal
power supply rail and a drain connected to a drain of an
NMOS transistor M4 having its source tied to ground. First
stage positive output node A 1s tied to the gates of transistors
P4 and M4. Another capacitor Cc 1n series with a resistor R
coupled between first stage positive output node A and the
drains of transistors P4 and M4 compensates the response of
transistors P4 and M4. The drains of transistors P4 and M4
form a positive output node outp whereas the drains of
transistors P3 and M3 form a negative output node outn for
two-stage differential amplifier 300. The two stages thus
function to amplify the differential input signal to form a
differential output signal across the output nodes outp and
outn.

A PMOS bias transistor P8 controls the amount of current
consumed by the second stage by coupling between the
internal power supply rail and a second power supply rail
supplying a power supply voltage Supply2. In particular, a
source for bias transistor P8 connects to the second power
supply rail whereas 1ts drain connects to the internal power
supply rail. A bias signal voltage pbias2 driving the gate of
transistor P8 controls the amount of current consumed by the
second stage. By setting the value for the bias voltage
pbias2, a circuit designer may thus control the current
consumption of the second stage. For example, suppose that
the bias voltage pbias2 i1s set to a level such that 1t conducts
10 pA. This current i1s then split between the two pairs 315
and 320 of transistors in the second stage depending upon
the binary state of the differential input signal. In general, the
average (direct current (DC)) current consumed by one pair
of transistors will equal the average current consumed by the
other pair of transistors. But depending upon the diflerential
input signal binary state, one pair of transistors will conduct
more than this average amount by some delta. But the
remaining pair of transistors will then conduct less than the
average amount by the same delta. The internal power
supply rail thus functions as an AC ground to the second
stage such that the transconductance gain for transistors P3
and P4 1s not degenerated by whatever resistance 1s pre-
sented by bias transistor P8. This 1s quite advantageous 1n
that two-stage differential amplifier 300 thus has a low
power consumption like conventional two-stage differential
amplifier 200 while having the relatively large unity gain of
conventional two-stage differential amplifier 100. The prob-
lems that vexed the prior art are thus solved. Due to the
voltage drop across bias transistor P8, 1t 1s convenient for the
second power supply voltage SupplyZ to be slightly hlgher
than the first power supply voltage Supplyl. However, in
alternative implementations, the same power supply voltage
can be used to power the two stages. The first and second
power supply rails would thus be the same rail 1n that case.
In one implementation, bias transistor P8 and the internal
power supply rail may be deemed to form a means for means
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for supplying a controlled amount of current to the second
stage without degenerating a transconductance gain for the
second stage. It will be appreciated that other types of
resistive and capacitive compensation circuits besides the
serial combination of capacitor Cc and resistor R may be
used to compensate a two-stage differential amplifier as
disclosed herein.

A method of operation for a two-stage ditlerential ampli-
fier in accordance with an aspect of the disclosure will now
be discussed with regard to the flowchart of FIG. 4. The
method includes an act 400 of driving a first stage difler-
ential output signal across a pair of first stage output nodes
for a first stage 1n the two-stage differential amplifier respon-
s1ve to a differential input signal. The driving of nodes A and
B as discussed with regard to two-stage differential amplifier
300 1s an example of act 400. The method further includes
an act 405 of controlling a current through a bias transistor
to supply a power supply rail. The control of the second
stage current by transistor P8 in two-stage differential ampli-
fier 300 1s an example of act 405. Finally, the method
includes an act 410 of driving a second stage diflerential
output signal across a pair of second stage output nodes 1n
a second stage for the two-stage differential amplifier
responsive to the first stage diflerential output signal while
powering the second stage from the power supply rail. The
driving of output nodes outp and outn with the diflerential
output signal from the second stage of two-stage diflerential
amplifier 300 1s an example of act 410.

Those of ordinary skill will appreciate that numerous
modifications may be made to the two-stage differential
amplifier discussed herein. For example, It will thus be
appreciated that many modifications, substitutions and
variations can be made 1 and to the matenals, apparatus,
configurations and methods of use of the devices of the
present disclosure without departing from the scope thereof.
In light of this, the scope of the present disclosure should not
be limited to that of the particular implementations illus-
trated and described herein, as they are merely by way of
some examples thereof, but rather, should be fully commen-
surate with that of the claims appended hereafter and their
functional equivalents.

We claim:

1. A two-stage differential amplifier, comprising:

a first stage including two pairs of transistors configured
to drive a pair of first stage output nodes with a first
stage output signal responsive to a differential 1nput
signal;

an 1nternal power supply rail;

a bias transistor configured to supply a bias current to the
internal power supply rail; and

a second stage including two pairs of transistors config-
ured to drive a pair of second stage output nodes with
a second stage output signal responsive to the first stage
output signal, wherein each pair of transistors in the
second stage 1s coupled between the internal power
supply rail and ground.

2. The two-stage differential amplifier of claim 1, wherein
the bias transistor comprises a first p-type metal oxide
semiconductor (PMOS) bias transistor having a source con-
nected to a first power supply rail and a drain connected to
the internal power supply rail, and wherein a current con-
sumed by the second stage equals the bias current.

3. The two-stage differential amplifier of claim 2, wherein
a PMOS ftransistor in each pair of transistors 1n the second
stage has a source connected to the internal power supply
rail.
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4. The two-stage differential amplifier of claim 2, wherein
cach pair of transistors in the first stage comprises a PMOS
transistor in series with an n-type metal oxide semiconductor
(NMOS) transistor.

5. The two-stage differential amplifier of claim 4, turther
comprising;

a second power supply rail, and

a second PMOS bias transistor having a source tied to the

second power supply rail, wherein the PMOS transistor

in each pair of transistors in the first stage has a source
connected to a drain of the second PMOS bias transis-

tor and has a drain connected to a drain of the pair’s
NMOS transistor.

6. The two-stage differential amplifier of claim 3, wherein
the first power supply rail 1s configured to supply a first
power supply voltage and the second power supply rail 1s
configured to supply a second power supply voltage, and
wherein the first power supply voltage 1s greater than the
second power supply voltage.

7. The two-stage differential amplifier of claim 4, turther
comprising;

an NMOS bias transistor having a source coupled to
ground, wherein the NMOS transistor 1n each pair of
transistors in the first stage has a source coupled to a
drain of the NMOS bias transistor.

8. The two-stage differential amplifier of claim 4, wherein
cach pair of transistors in the second stage comprises a
PMOS transistor in series with an NMOS transistor, and
wherein the drains for the transistors 1n a first one of the pairs
of transistors in the first stage are connected to a gate for
cach transistor in a {irst one of the pairs of transistors in the
second stage.

9. The two-stage diflerential amplifier of claim 8, wherein
the drains for a second one of the pairs of transistors in the
first stage are connected to a gate for each transistor in a
second one of the pairs of transistors in the second stage.

10. The two-stage differential amplifier of claim 9, further
comprising;

a first capacitor coupled to the gates of the transistors in

the first pair of transistors 1n the second stage;

a first resistor coupled between the first capacitor and an
output node for the first pair of transistors in the second
stage:

a second capacitor coupled to the gates of the transistors
in the second pair of transistors in the second stage; and

a second resistor coupled between the first capacitor and
an output node for the second pair of transistors in the
second stage.

11. A method for a two-stage diflerential amplifier, com-

prising:

driving a first stage differential output signal across a pair
of first stage output nodes for a first stage in the
two-stage differential amplifier responsive to a difler-
ential input signal;

controlling a current through a first bias transistor to
supply an 1ternal power supply rail, wherein control-
ling the current through the first bias transistor com-
prises driving a gate of a first p-type metal oxide
semiconductor (PMOS) bias ftransistor coupled
between the internal power supply rail and a first power
supply rail with a first bias signal; and

driving a second stage differential output signal across a
pair of second stage output nodes 1n a second stage for
the two-stage differential amplifier responsive to the
first stage differential output signal while powering the
second stage from the internal power supply rail.
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12. The method of claim 11, further comprising: transistor in series with an n-type metal oxide semi-

biasing the first stage with a second PMOS bias transistor conductor (NMOS) transistor;
coupled to a second power supply rail and with an a second stage including two pairs of transistors config-
n-type metal oxide semiconductor (NMOS) bias tran- ured to drive a pair of second stage output nodes with
sistor coupled to ground. 5 a second stage output signal responsive to the first stage
13. The method of claim 12, wheremn biasing the first output signal, Where'm each pair of transistors 1n t_he
stage comprises driving a gate of the second PMOS bias second stage comprises a PMOS transistor mn series
transistor with a second bias signal while driving a gate of with an NMOS transistor, and wherein a first one of the
the NMOS bias transistor with a third bias signal. first stage output nodes couples to a first one of the
10 second stage output nodes through a first serial com-

14. The method of claim 11, further comprising:

compensating the second stage differential output signal
with a pair of resistive and capacitive compensation
circuits.

15. A two-stage differential amplifier, comprising:

a first stage including two pairs of transistors configured
to drive a pair of first stage output nodes with a first
stage output signal responsive to a differential 1nput
signal, wherein each pair of transistors in the first stage
comprises a p-type metal oxide semiconductor (PMOS) I T

bination of a capacitor and a resistor; and
means for supplying a controlled amount of current to the
second stage without degenerating a transconductance
gain for the second stage.
15 16. The two-stage differential amplifier of claam 15,
wherein a second one of the first stage output nodes couples
to a second one of the second stage output nodes through a
second serial combination of a capacitor and a resistor.
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